Background: The primary colorectal cancer screening test in England is a guaiac faecal occult blood test (gFOBt). The NHS Bowel Cancer Screening Programme (BCSP) interprets tests on six samples on up to three test kits to determine a definitive positive or negative result. However, the test algorithm fails to achieve a definitive result for a significant number of participants because they do not comply with the programme requirements. This study identifies factors associated with failed compliance and modifications to the screening algorithm that will improve the clinical effectiveness of the screening programme.
Bowel cancer screening and compliance. Colorectal cancer (CRC) is a common form of cancer, with high mortality (Cancer Research UK, 2013) . Colorectal cancer is the second most common cause of cancer-related mortality in a number of countries, including the United Kingdom, USA, Japan, Australia, Canada and Germany (Honein-AbouHaidar et al, 2014) . Several randomised controlled trials (RCTs) have demonstrated a reduction in CRC mortality with screening (Mandel et al, 1993; Kewenter et al, 1994; Kronborg et al, 1996; Hardcastle et al, 1996) -whereas CRC-related mortality was reduced by 16% among people offered guaiac faecal occult blood test (gFOBt) screening, it was reduced by 25% among people who attended at least one round of screening (Hewitson et al, 2008) , demonstrating the importance of uptake.
Many studies have investigated the factors associated with CRC screening uptake, along with the barriers to screening (Brouse et al, 2003; Beydoun and Beydoun, 2008; Robb et al, 2008; Weller and Campbell, 2009; Pornet et al, 2010; Aubin-Auger et al, 2011; Moss et al, 2012; Honein-AbouHaidar et al, 2014; Sicsic and Franc, 2014; Smith et al, 2014) but there has been little research into the factors that are associated with completion of a screening episode among participants who return a first gFOBt. Compliance with a screening test result has an important impact on clinical outcomes (Gupta, 2008) .
Bowel cancer screening in England. The National Health Service (NHS) Bowel Cancer Screening Programme (BCSP) was introduced in England in July 2006 after evaluation of a pilot study in England and Scotland (UK Colorectal Cancer Screening Pilot Group, 2004) . The BCSP achieved a nationwide coverage for 60-to 69-year olds in 2010 (NHS Bowel Cancer Screening Programme, 2011) and for 60-to 74-year olds in 2015 (Bowel Cancer Screening Southern Programme Hub, 2015) . The BCSP currently offers biennial screening with the gFOBt to all eligible people. Uptake of screening, defined as the proportion of invited subjects with a normal (negative) or abnormal (positive) gFOBt result, varies according to age, sex, socioeconomic status and screening history (Robb et al, 2008; Pornet et al, 2010; Moss et al, 2012; Smith et al, 2014; Lo et al, 2014b) . Participants with a definitive abnormal gFOBt result are invited to a specialist screening practitioner (SSP) clinic to discuss the test result and the need for further investigation (usually by colonoscopy). Completion of a screening episode is defined as achieving a definitive gFOBt result and, for gFOBt-positive participants, receiving a follow-up clinical investigation.
The current screening algorithm in England. The algorithm used by the BSCP to reach a definitive gFOBt result of normal or abnormal is unique to the programme in England. It is based on an algorithm developed for the Nottingham RCT (Hardcastle et al, 1996) , which had the explicit aim of reducing the number of false positives (Robinson et al, 1995; Hardcastle et al, 1996) . Each gFOBt kit has three pairs of windows. Two small faecal samples from three separate stools are applied by the screening participant to each of the windows in turn, and any of the six windows or 'spots' can test positive for the possible presence of blood in the sample when tested in the laboratory. Participants with a positive spot count of 5-6 ('strong positive') are referred directly to an SSP clinic for further investigation. On the first completed test kit, a positive spot count of 1-4 is considered to provide insufficient evidence of a bowel lesion and is designated an 'unclear' result. A participant with an 'unclear' result is asked to complete a second and, dependent on the outcome of this kit, a third repeat gFOBt kit to enable the programme to reach a definitive test result. One or more positive spots on a valid second kit (or on a third valid kit if all spots were negative on the second kit) provide a 'weak positive' definitive test result and the participant is referred for clinical investigation. The screening algorithm allows for up to three valid kits within a single screening episode, but the total number of kits returned may be greater due to kits that are spoilt (completed incorrectly by the participant) or technical fails (a problem encountered during laboratory analysis), which do not count as valid kits. The current referral algorithm for screening with gFOBt in England is illustrated in Figure 1 .
Alternative screening algorithms. Other countries use different gFOBt referral algorithms. For example, different thresholds for direct referral may be used (Benson et al, 2012; Altobelli et al, 2014) , or a mixture of screening modalities may be employed (Fraser et al, 2012) . Most programmes outside the UK using a gFOBt refer participants with any positive spots on their first (and only) valid kit (Benson et al, 2012) , which is consistent with the referral algorithm used in the three (non-English) RCTs of gFOBt screening (Mandel et al, 1993; Kewenter et al, 1994; Kronborg et al, 1996) .
Study aims. This study had two main aims. The first aim was to identify the factors that are associated with the completion of a screening episode. The second aim was to examine the relationship between the result of each gFOBt kit completed during a screening episode and completion of the screening episode (to a definitive gFOBT test result or, for gFOBt-positive participants, to colonoscopy or other diagnostic test), and to model the possible effects on completion if the threshold for immediate referral to follow-up were lowered from five to three or four positive spots for the first gFOBt kit.
MATERIALS AND METHODS
Data were provided by the BCSP Southern Hub for first screening episodes that started between October 2006 and October 2012 (inclusive) among 60-to 69-year olds who had returned at least one valid gFOBt during the study period. The Southern Hub serves a population of over 14 million people in the south of England (Bowel Cancer Screening Southern Programme Hub, 2014; excluding London).
The study was designed to investigate improvements to the BCSP screening algorithm using anonymised data. The study was approved by the BCSP Research Committee and Ethical Committee approval was not required.
The data set included participant age, sex and deprivation score and comprehensive gFOBt spot results, test completion dates and clinical outcomes. The Index of Multiple Deprivation (IMD) score was derived from the participant's area of residence (overall IMD 2007) (Communities and Neigbourhoods, 2010) . The IMD is measured on a scale of 0 to 100, with larger values denoting areas with greater deprivation. During the study period, the process of extension to 70-to 74-year olds was incomplete. Participants aged 70 years and above were therefore excluded from the analysis as this age group was not representative of the population that was offered screening. The result of each gFOBt kit returned during the screening episode was recorded according to the count of positive spots (0-6). Participants who return a 'normal' first gFOBt (no positive spots) require no further investigation. Participants with 1-6 positive spots on the first gFOBt kit have up to four additional steps along the screening pathway when they could 'drop-out' of screening: Subjects who return a first gFOBt kit but fail to reach a definitive test result (1 and 2 drop-out categories as above) will be invited for screening again in 2 years' time, if they remain within the screening age range. Similarly, subjects who fail to attend the SSP clinic or follow-up investigation (categories 3 and 4 above) will be contacted by the relevant Screening Centre and subjects who remain noncompliant will be returned to routine screening and invited again in 2 years' time if they remain withinin the screening age range. Data on compliance with subsequent screening invitations were not available for this analysis.
Statistical analyses. Data analysis was performed using STATA version 10 (College Station, TX, USA). Separate logistic regression models were built to assess the contribution of age, sex and deprivation to failure to complete screening at each of the four steps along the pathway after 1-6 positive spots on the first kit. Each regression model included participants appropriate for the model; for example, for completion of kit 3, only participants eligible to complete kit 3 (unclear kit 1 and normal kit 2) were included. Tests for linearity and interactions were performed. Further details on the modelling strategy used to derive the final regression model are provided in the Supplementary Material.
The data observed for completion of screening at each of the four steps along the screening pathway were used to predict completion if the threshold for immediate referral to follow-up were reduced from a positive spot count of 5 to just 4 or 3 positive spots. The analysis assumed that completion at each step along the screening pathway was independent of spot positivity (for any kit) (for example that participants with 5-6 positive spots on kit 1 were just as likely to complete a screening episode as participants with 1-2 positive spots on kit 1).
RESULTS
The data set included 1 409 471 participants aged 60-69 years who were invited to be screened for the first time and had returned at least one valid gFOBt during the study period. One hundred thirty six screening episodes (0.01% of the full data set) were excluded because of missing data (details in Supplementary Material). The final data set used for this study represented 1 409 335 screening episodes.
The majority of participants (95.08%) returned a normal first gFOBt kit and were returned to routine screening (Table 1 ). The following observations were made on the remaining 4.92% of participants with 1-6 positive spots on the first gFOBt (n ¼ 69 280).
In all, 4139 participants (5.97%) with 1-6 positive spots on the first gFOBt had either 5 or 6 positive spots and were referred to follow-up. The remaining 65 141 participants (94.03%) had a result that was designated unclear (1-4 positive spots), of whom 94.90% (61 821) completed a second kit. 27.44% (16 964/ 61 821) of participants who returned a second gFOBt kit achieved a definitive test result (1-6 spots on kit 2) and the remaining 44 857 (72.56%) participants returned a normal second gFOBt kit and were requested to complete a third kit. Of these, 42 770 (95.35%) completed a third gFOBt kit to achieve a definitive gFOBt result. Overall, 8.30% (5407/65 141) of participants who had 1 to 4 positive spots on their first gFOBt kit did not complete the required number of gFOBt kits and therefore failed to complete screening (1-4 positive spots on kit 1 but failed to complete kit 2 ¼ 3320 (5.10%); no positive spots on kit 2 and failed to complete kit 3 ¼ 2087 (4.65%)). Almost two-thirds of participants asked to complete more than one gFOBt kit completed three kits to achieve a definitive gFOBt result (42 770/65 141; 65.66%). Table 2 shows the proportion of participants referred to an SSP clinic according to the number of positive spots on kit 1. The majority of participants with 1 or 2 positive spots on the first kit were not referred (37 446/56 030; 66.83%), whereas the majority of participants with 3 or 4 positive spots on the first kit were referred (5,535/9,111; 60.75%). All participants with 5 or 6 positive spots were referred immediately; of these 4139 participants 92.10% attended the SSP clinic appointment, and 80.41% ultimately complied with the follow-up investigation. Compared with those who were referred immediately, participants who completed multiple kits before referral (24 119) were more likely to both attend the SSP clinic appointment (22 969; 95.23%), and comply with the follow-up investigation (21 029; Table. There was little variation in compliance with attendance at SSP, whereas the biggest variation in compliance with receiving a diagnostic test was observed for deprivation quintiles, ranging from 92.72% for the least deprived quintile to 88.69% for the most deprived quintile.
Among participants receiving a diagnostic test, the proportion with cancer was 19.41% (289/1489) for participants whose gFOBt kit 1 had 5 positive spots and 25.18% (463/1839) for those with 6 positive spots on kit 1 (Table 2) .
A detailed flowchart illustrating the observed numbers of participants who completed and did not complete their screening episode is provided in the Supplementary Material.
Factors associated with completion of a screening episode. Results of the logistic regression models are presented in Table 3 . Separate regression models were built for men and women because the association between deprivation and attendance at the SSP clinic appeared to be markedly different (see the Supplementary Material for more information).
There was a statistically significant association between age and completion of screening at each of the four steps along the screening pathway after a first gFOBt kit with 1-6 positive spots. Older people were more likely to return a repeat test kit, but were less likely to attend the SSP appointment or the diagnostic investigations. Women were more likely to complete their first repeat test kit, but this association was not observed for subsequent repeat tests or for attending diagnostic investigations. Increasing levels of deprivation were associated with increased odds of not returning either a first or second repeat test kit, as well as increased odds of not attending for a diagnostic investigation. The association between deprivation and attending the SSP clinic was less clear.
The goodness of fit of each model, as measured by the area under the receiver operating characteristic (AUROC) curve, was modest with values ranging between 0.53 and 0.56.
Possible effect of changing the referral algorithm on completion of screening. The possible effects of changing the spot positivity threshold for requesting a repeat gFOBt kit are presented in Table 4 .
The completion rates (under the current algorithm) for persons asked to complete a second gFOBT kit (94.90%), a third gFOBT kit (95.35%) and referred for follow-up (86.20%) were used to predict completion rates for two changes to the algorithm, that is,. referral with three or four positive spots on kit 1.
A reduction in the threshold for referral to follow-up from five positive spots to four or three positive spots on the first kit inevitably would result in fewer requests for repeat testing and a greater number of people being referred for follow-up. The number of participants failing to complete screening after a request for a repeat gFOBt kit would be reduced, although the number of participants failing to complete screening following referral for follow-up would increase. The overall increases in participants referred for diagnostic test were estimated to be 5.80% and 12.49% for thresholds of four and three positive spots, respectively. Of the 69 280 participants with a spot count greater than zero on their first kit (i.e., participants at risk of failing to complete the screening pathway), overall non-completion (failure to reach a definitive gFOBt result and failure to attend for follow-up if the gFOBt result was abnormal) was 13.44% using the current threshold for immediate referral (5 positive spots on kit 1). Estimated overall non-completion decreased to 13.31% for immediate referral with 4 positive spots and to 13.19% with 3 positive spots, which corresponded to an additional 90 or 172 participants completing the screening pathway. The Southern Hub covers approximately a quarter of the population in England (Bowel Cancer Screening Southern Programme Hub, 2014), so at a national level, approximately 360 or 690 additional people would be expected to complete the screening pathway using referral thresholds of four or three positive spots, respectively.
CONCLUSIONS AND DISCUSSION
The success of any screening programme depends upon uptake of screening (proportion of invitees achieving a definitive result) and compliance with follow-up investigations for participants with positive primary test results.
We identified four steps in the bowel cancer screening pathway when participants who have returned a first gFOBt kit with 1-6 positive spots may subsequently fail to complete screening. Among participants asked to complete a second gFOBt kit, 5.10% subsequently failed to complete screening, and 4.65% of those asked to complete a third gFOBt failed to do so. Among participants who achieved a definitive gFOBt test result and were referred, 13.80% failed to attend the SSP clinic or a follow-up diagnostic test. Participants with five or six positive spots on kit 1 are more likely to have cancer but only 80.41% complied with the follow-up investigation. Although some participants may have sought private medical healthcare outside the BCSP, reducing noncompletion (failure to comply with follow-up) in this group should be a priority.
In this data set, 9308 (13.44%) participants overall returned an initial (valid) gFOBt kit with a non-zero spot count but failed to complete the bowel cancer screening pathway. Cancer was identified in 3.41% (2361/69 280) of all participants with 1-6 positive spots on kit 1 and among 9.69% (2361/24 357) of all participants who were referred for follow-up and underwent a diagnostic investigation. This suggests that among the population covered by the Southern Hub and during the six-year study period (October 2006 to October 2012), the number of cancers among participants who failed to complete the screening pathway may have ranged between 317 and 902, assuming that the prevalence of cancer among drop-outs ranged between 3.41 and 9.69%. As the Southern Hub covers approximately a quarter of the population in England (Bowel Cancer Screening Southern Programme Hub, 2014) and assuming that the rates of non-completion observed in this study are representative of rates nationally, the corresponding number of cancers diagnosed in England could be between 1250 and 3600 over the 6-year period in 60-to 69-year olds screened for the first time. The results of this study suggest that lower thresholds for referral would mean that more participants complete the screening pathway, which will result in more cancers being detected. In addition, lower thresholds would result in more positive results among people who return a first test kit. For a threshold of four (or three) spots positive, this would be people who, under the current screening programme, have four (or three) spots positive on their first kit, followed by no positive spots on kits two and three. These additional positive results would lead to an increase in sensitivity (as there will be more true positive test results), but also a decrease in specificity (as there will be more false positive test results). As estimate of these changes in test characteristics cannot be quantified with the existing data.
Increasing age and having lower levels of deprivation were associated with increased odds for completing a second or third gFOBt kit. Older age and greater deprivation were associated with a significantly decreased odds of attending diagnostic investigations. The association between non-completion of a screening episode, age, sex and deprivation has been studied before (Pornet et al, 2010; Birkenfeld et al, 2011) , and the association between poorer uptake and increasing levels of deprivation is well documented Birkenfeld et al, 2011; von Wagner et al, 2011) . Further, there is some evidence that the requirement to repeat gFOBt kits to reach a definitive test result and failure to attend for follow up is associated with reduced participation in subsequent screening episodes (Lo et al, 2014a; Lo et al, 2014b) . However, to the best of our knowledge, this is the first study to examine non-completion at different steps along the screening pathway after returning at least one gFOBt. This is also the first study to explicitly consider potential non-linearity and interactions among the associations between patient demographics and noncompletion of a screening episode.
There are several limitations to this work. The data set was derived from regional data from the BCSP Southern Hub. The South of England has lower levels of deprivation than the rest of England (Logan et al, 2012) , which may limit the generalisability of the results, although the effect of deprivation was included in the statistical modelling. As an association between levels of deprivation and non-compliance has been demonstrated in this study, the modelled effects of reducing the threshold for referral are likely to be conservative. In addition, only three patient demographics (age, sex and deprivation levels) were available for analyses, and there is a range of other factors that may affect compliance (HoneinAbouHaidar et al, 2014), such as ethnicity (Robb et al, 2008) , literacy levels (von , the presence of certain comorbidities (Heslop et al, 2013) and screening history (Lo et al, 2014a; Lo et al, 2014b) . The small number of patient demographics available is likely to be reflected by the relatively low AUROC values (between 0.53 and 0.56) for each of the models. Further, the measure of deprivation employed for this study is area based and so will not be as accurate as individual-based measures of deprivation due to potential heterogeneity in deprivation within an area. The regression results reported here should be interpreted with caution. The true disease status (whether or not a participant has cancer) is not known for all participants. Hence, the impact of a change in the threshold for referral on the number of falsepositive and false-negative test results is unknown. This is likely to be an important consideration for decision makers when considering changes to the threshold, particularly as the impact on numbers completing is modest. Any algorithm changes would also have other changes that are not captured in this analysis. This includes the additional resources and costs required for additional colonoscopies, and the potential impact on participants' quality of life. The assumption that completion of a screening episode is not dependent upon the number of spots positive on any gFOBt kit and that the data observed for the current algorithm can be used to predict completion of a screening episode if the referral were changed, requires further investigation. The restriction to first screening episodes may also limit the generalisability of the findings to current screening programmes. However, uptake rates are much higher for subsequent screens than for initial screens (Kearns et al, 2014) , which suggest that attempts to improve completion should focus on initial screening episodes. A final important limitation to note is that not all of the participants who fail to complete the screening pathway will do so for reasons that are amenable to intervention. For example, participants may leave the pathway for clinical reasons, or may choose to change to a private healthcare provider. These reasons are most likely to occur for participants who fail to attend for further diagnostic investigations, and may explain why rates of non-completion are highest at this step in the screening pathway. Hence, the noncompletion rates reported here could be overestimated. Within the BCSP, once-only screening with flexible sigmoidoscopy at age 55 years is being introduced in addition to screening with gFOBt for 60-to 74-year olds (Geurts et al, 2015) , whereas the use of faecal immunochemical testing for haemoglobin (FIT) instead of the gFOBT has been piloted in the south of England (Bowel Cancer Screening Southern Programme Hub, 2015; Moss et al, 2015) . These changes may have an impact on the completion of screening episodes. However, in order to assess the effectiveness of these changes, comparisons shall be required with the existing evidence about the sociodemographic factors that are associated with drop-out, and how these vary across the current screening programme. In addition, many other countries use gFOBt screening (Benson et al, 2012) , and so the results presented here will be of interest beyond the BCSP.
As with interventions to increase screening uptake (Shankaran et al, 2007) , targeted interventions may be required to help tackle potential health inequalities (Asaria et al, 2014) . On the basis of the results of this study, and noting the previously mentioned limitations, it is recommended that measures to improve completion should be targeted at participants who are referred for further investigations, with particular emphasis on older participants and those from more deprived areas. As an increasing level of deprivation is associated with a reduction in both uptake and completion, any interventions aimed at improving uptake among these areas may also have a beneficial effect on compliance. Further research eliciting the reasons for non-completion at each part of the screening pathway would also be beneficial.
Changing the spot positivity threshold for repeating gFOBt is likely to have several effects (Geraghty et al, 2014) . There would be a reduction in the number of participants being asked to provide more than one gFOBt kit and an increase in endoscopy requirements due to an increased number of referrals. Such a change is likely to improve completion at repeat testing but decrease completion at referral. The combination of these two effects may improve overall completion of screening episodes, although the effect is likely to be small. Larger variations in uptake were observed by deprivation quintile, which may require more urgent attention.
Failure by participants to complete the bowel cancer screening pathway will result in some cancers not being identified. Targeted measures to improve completion of the screening pathway, with a particular emphasis on participants who are referred for follow-up and more deprived groups, could help to improve outcomes within the BCSP.
